X-ray imaging has been undertaken on Sandia National Laboratories' radiation effects x-ray simulators. These simulators typically yield a single very short (<20ns) pulse of high-energy (MeV endpoint energy bremsstrahlung) x-ray radiation with doses in the kilorad (krad (Si)) region. X-ray source targets vary in size from 2 to 25cm diameter, dependent upon the particular simulator. Electronic imaging of the source x-ray emission under dynamic conditions yields valuable information upon how the simulator is performing. The resultant images are of interest to the simulator designer who may configure new x-ray source converter targets and diode designs. The images can provide quantitative information about machine performance during radiation effects testing of components under active conditions. The effects testing program is a valuable interface for validation of high performance computer codes and models for the radiation effects community. A novel high-energy x-ray imaging spectrometer is described whereby the spectral energy (0.5 to 1.8MeV) profile may be discerned from the digitally recorded and viewable images via a pinhole/scintillator/CCD imaging system and knowledge of the filtration parameters. Unique images, analysis and an evaluation of the capability of the spectrometer are presented.
INTRODUCTION
Digital imaging of x-ray pulse power sources can provide the experimentalist and diagnostician with valuable information relating to the performance/uniformity of a x-ray beam under active conditions. Hitherto, imaging has been very limited on these machines with only minimal recording using film-based techniques 1 . Indirect imaging using a pinhole/ scintillate combination provides a technique to quantify the x-ray source parameters. The scintillator is viewed via an intensified CCD camera and yields the digitised image of the source. Further, we have developed our electronic imaging techniques 2 to demonstrate the potential of a novel imaging spectrometer and also a highly flexible temporal imaging system with nanosecond capabilities. A description of our concept and accelerator follows and includes some unique images from our x-ray experiments undertaken at Sandia National Laboratory's Saturn & SPHINX facility.
Electronic Imaging by Pinhole Technique
The technique to undertake fundamental x-ray imaging is depicted in Figure 1 . The x-ray source image is captured by means of a single pinhole imaging system. The x-ray image is projected onto a scintillator with its size determined by the optical magnification of the pinhole arrangement. The scintillator converts the x-ray photons into visible light. This Scirtillalor image is subsequently captured typically by a full frame CCD (Charge Coupled Device) camera incorporating a mirror bounce arrangement so that the sensitive CCD camera may be located away from the direct line of site of the source xrays. Remote data recording is normally utilised. An appreciation of this imaging approach acts as a pre-cursor for our concept of a x-ray Imaging Spectrometer. Figure 2 outlines the key components and concept of our X-ray Imaging Spectrometer. The driver behind this concept is to discern x-ray spectral information across a range of x-ray energies from (primarily but not limited to) a pulsed x-ray source, by using an imaging approach rather than a classical discrete multi-detector non-imaging arrangement. The key components are a multipinhole configuration (three shown for illustration) arranged to provide multiple similar sized images of the x-ray source on to a single common imaging detector (scintillator), which is viewed via a cooled CCD camera. The incorporation of selective filters of different thickness and/or material provides a means of energy filtration. The multiple images provided on a single detector (scintillator), by means of the pinhole projection system, allow analysis from data recorded by the CCD camera. The spectral energy information can be discerned from the digitally recorded and viewable images and knowledge of the filtration parameters.
X-RAY IMAGING SPECTROMETER

SATURN ACCELERATOR
The Saturn accelerator used for our experiments shown in Figures 3a & 3b , is a modular high power, variable-spectrum, x-ray simulation source located at Sandia National Laboratory. Saturn can be operated with two different bremsstrahlung diodes or any one of several plasma radiation sources. The diodes and sources provide x-ray radiation environments with enhanced simulation fidelity based upon fast rise time, short pulse duration, and tailored spectral content. Saturn is used to simulate the radiation effects of countermeasures upon electronic and material components, as a pulsed-power radiation source and as a diagnostic test bed. 
Saturn Design
The accelerator is a circumferentially symmetric, parallel current driver consisting of 36 identical pulse compression and power flow modules. The accelerator's 36 modules are arranged like spokes of a wheel ( Figure 3 ) and can easily be configured to drive either annular electron beam bremsstrahlung diodes or z-pinch plasma loads. The pulse power components are housed in a 96ft diameter, 14ft high, open air tank, that is divided into energy storage, pulse compression, power flow, and power combination sections. The concrete and earth-shielded Exposure Cell is located in a basement room beneath the accelerator. The cell measures 44 x 33 x 15 feet and has a central 10 ton hydraulic lift for raising/lowering of large experimental and test equipment to the x-ray source. 
Bremsstrahlung Radiation Sources
In the bremsstrahlung mode, the Saturn accelerator is normally operated with a 500cm 2 , medium-area diode. A large area (3000cm 2 ) diode is also available. Both diodes consist of three nested, triaxial diodes that are electrically isolated from one another. Each triaxial diode produces an annular current ring, with the electrons striking a thin tantalum anode, where electrical power is converted into x-ray power ( Figure 4 ). The three current rings create a uniform, intense x-ray source. (The accelerator's name Saturn is taken from the planet in our own solar system and the synergy with the wellknown planet's rings). All of the Saturn diodes can be operated over a range of anode to cathode gap spacings in order to change the electron end-point voltage and hence the x-ray output spectrum. The medium and large-area bremsstrahlung diodes generate x-rays (Table 1) with endpoint voltages variable from 500 keV to 2MeV, which allows good spectral fidelity, as depicted in Figure 5 , over the test areas from 500 cm 2 to greater than 10,000cm 2 . 
Dose
Data Acquisition at Saturn
The Saturn x-ray facility has two screened rooms for acquiring and processing data, the main screened room and the user screened room. The screened rooms contain digitising channels, cable feedthrough connectors, fiducial generators and support equipment. Recording digitising channels are controlled via a centralised computer system. Our remote camera recording equipment was located in the main screened room and connected via a fibre-optic umbilical data link to the CCD camera head.
EXPERIMENTAL CONFIGURATION
X-rays emitted from the accelerator's faceplate were focused onto a scintillator by our pinhole array, consisting of nine pinholes, each of 2mm diameter, arranged in a grid matrix around a central pinhole. Figure 6 shows the experimental arrangement deployed on Saturn and a close up view Figure 7 of the nine-pinhole collimator machined from tungsten with its associated filters. The visible light emitted from the CsI(TI) scintillator was imaged using a Roper Scientific proprietary cooled CCD camera with 1340 by 1300 pixel resolution synchronised to the accelerators single shot output. The CsI(TI) scintillator was chosen, as its spectral output (540nm) was a good match to the CCD spectral characteristic. A 6.33:1 pinhole de-magnification was chosen as an optimum solution to embrace the nine images within the field of view and spatial resolution of the camera and scintillator combination. Each captured image would thus contain nine bright spots, each spot an image of the source focused onto the scintillator by its respective pinhole.
IMAGE RESULTS
We performed a number of shots during the experiment series, using different pinhole arrays and operating the machine at different power levels. Two key shots were ultimately analysed for spectral analysis -shot 3412, in which SATURN fired in a "half-power" mode (900 keV nominal endpoint energy), and shot 3413, which was made in full-power mode (1800 keV nominal endpoint energy). These shots utilized a pinhole array originally developed for the EROS simulator at AWE. 
ANALYSIS
By recording multiple images, screened by varying filters, of the same radiation source, we can derive spectral information about the source. This concept was tried before in a series of experiments in 2003 at the SPHINX accelerator 4 . The SPHINX data were marred by a couple of technical problems. The 2.5 MeV endpoint photons produced by that source, which are highly penetrating, generated a high level of background noise in the scintillator, reducing the signal to noise ratio. The simple cylindrical-hole geometry of the pinholes was ineffective at blocking highly penetrating radiation; the pinholes effectively appeared larger to higher-energy photons. The current series of SATURN experiments gave us two reasons to be very optimistic: the energy of the spectrum is lower, making it easier to shield the scintillator from non image-forming radiation, and the pinholes had an improved, tapered geometry which should be more effective at blocking extraneous photons. 
Analysis Strategy
The strategy for analyzing the data acquired from the SATURN experiments was similar to that which was used for SPHINX. A series of calculations using the ADEPT 1-D radiation transport code were used to predict the dose deposited in a CsI scintillator plate, varying both the endpoint energy of the bremsstrahlung x-ray spectrum and the thickness of the tungsten filter. The CCD images were analysed to determine the pinhole image intensities as a function of filter thickness. The scintillator intensity should be directly proportional to the absorbed dose, allowing us to compare the measured x-ray transmission with the predictions of the ADEPT code.
Simulation Results
The ADEPT model was based upon monoenergetic electrons hitting, at normal incidence, a layered structure consisting of 0.006" Ta + 0.080" 6061 Al + 0.750" Polyethylene + W filter + 1" CsI.
The Ta/Al/poly structure simulated the converter and faceplate of the machine. The result of the calculation was the dose absorbed by the CsI scintillator. The electron energy was varied from 500 to 900 keV and 1300 to 1800 keV to simulate the half-power and full-power cases. The filter thicknesses using the values described above for filters F0 through F6 were inputted into the code. Results of each calculation were checked to ensure that all criteria had converged properly. The results are summarized in Figure 9 .
Determination of Image Intensity
The CCD images from the SATURN shots contain a lot of interesting detail-the individual rings formed by the three circular cathodes, bright spots and dim areas-all of which may be associated with local spectral differences. Thus, we're not just interested in determining the overall intensity of each pinhole image; we need to be able to compare the intensities at corresponding points within each of the nine-pinhole images. The CCD images were initially cropped into nine separate files, each file containing a single pinhole image. LabVIEW software was utilized to allow alignment of the images to each other, using the central, unfiltered pinhole image as the reference.
The images contain a high density of "hot pixels" resulting from the direct interaction of x-rays with the CCD. To eliminate these, all the images were run through a filter, which compared the intensity of each pixel to the median of the eight neighboring pixels. If the pixel intensity is greater than 150% of the median of its neighbours, the pixel is assumed to be a "hot pixel" and its intensity is replaced by the median of its neighbours. This approach is effective at eliminating hot pixels without otherwise distorting the data.
This now allows us, for any given point within the central image, to sample the intensities at the corresponding point within the other eight images. Several "interesting" points, including hot spots and points within uniform rings, were identified within the images from the two shots. The locations of these points are illustrated in Figure 10 .
Dark areas on the images still have appreciable intensity resulting from excitation of the scintillator by unfocused xrays-that is, x-rays transmitted through the shielding or scattered through unshielded portions of the apparatus. The background intensity was more uniform than was the case for the earlier SPHINX experiments. Thus, in addition to sampling the intensity at each point of interest, by further sampling the intensities at two nearby dark points one can establish the background intensity, which can then subsequently subtracted out.
Line scan intensity measurements of the processed central image for shot 3412 corrected for background etc are shown in Figure 11 . The five curves represent two unfiltered and three filtered pinholes. 
Discussion and interpretation of intensity measurements
The intensities measured from the unfiltered images are in close agreement with each other, with typical standard deviations around 2%. This gives solid foundation for making quantitative comparisons of the intensities of the filtered images.
In the case of unfiltered pinholes, the image intensities are well above the background intensity, and the background correction may be made with confidence. For heavily filtered pinholes, images are much dimmer-in many cases, image intensities are less than 10% above background. In these situations, the subtraction of the background from the intensity of the image is likely to be error-prone. The relative background levels are generally better (lower) in the data from shot 3413. We can make a generalization: the thinner the filter, the brighter the image, and the more reliable the intensity data. Thus, we should focus our analysis on the less-filtered images.
How can we compare the results of the intensity measurements to the predictions of the ADEPT code? It is helpful to consider the ratios of the intensities corresponding to different levels of filtration. The results of the ADEPT simulations are plotted in terms of these ratios in Figure 12 .
Line profile For example, in Figure 12 the plots of F1: F0 represents the dose deposited in the scintillator in the case of the thinnest filter to the dose deposited by unfiltered x-rays. Also plotted in this figure are second order polynomial fits to the F2:F1 and F3:F2 curves. These fits are given by: 
where E is the primary electron energy, and R is the ratio of the doses delivered through the two filters. Given measured values for the intensity ratios, these fitting functions can be used to estimate the primary electron energy that would have been necessary to produce those values.
The measured values for the ratios of intensities for each filter pair, at selected points of interest (A,B,C&D), along with the fitted values for electron energy, are summarized in the following Tables 3 & 4 What should we make of these results? The brightest images, those made through the unfiltered pinhole and the thinnest filter, have healthy ratios of signal to background, and they are probably the most trustworthy. The images made through filters F3 and thicker are quite dim, and their poor ratios of signal:background render them unreliable for quantitative analysis. The images taken through the second thinnest filter are probably adequately bright for quantitative analysis, although they might benefit from a more sophisticated means of subtracting out the background.
The fitted values for endpoint energy, while not always consistent between filters F0:F1 and F1:F2, provide reasons to be confident about this approach. None of the calculated energies exceeds the nominal endpoint energies of the two shots. We calculate generally higher values for energy in shot 3413 than in shot 3412, consistent with the nominal endpoint energies of 1800 keV and 900 keV, respectively, for the two. We also obtain different energies at different interesting features in the images. Finally, extending the analysis approach beyond a few discrete points, Figures 13a &  13b show the entire spectralised images for shots 3412 and 3413 respectively using our unfolding technique. 
CONCLUSIONS
The results of the novel spectrometer are very encouraging. The matching of the pinhole intensities from the unfiltered images are very consistent and underpins the technique for unfolding the filtration parameters from the filtered pinholes. There was good agreement between the measured intensities after filtration and the predictions of the ADEPT code.
Further experiments are planned with improved shielding of the scintillator assembly to enhance the signal to
Figure 13c.
noise ratio of the captured images and also to pursue temporal imaging of the source x-rays5,6,7,8. Different filter material and thicknesses can also be contemplated.
